Three antimalarial drugs, artesunate, pyrimethamine, and pamaquine, were evaluated for their growthinhibitory effects against Babesia equi and Babesia caballi in in vitro culture. B. equi was more resistant to pyrimethamine than B. caballi. B. equi was also found to be more sensitive to artesunate and pamaquine than B. caballi. Of the three compounds, pyrimethamine gave the most promise for in vivo effectiveness.
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Equine babesiosis caused by Babesia equi and Babesia caballi is an economically important protozoan disease in horses in the tropical and subtropical regions, including Central and South America, Africa, Asia, and Southern Europe (18) . Babesia parasites invade and destroy red blood cells (RBC) and induce severe clinical symptoms, such as fever, anemia, jaundice, and edema, in infected horses (4) . Babesiacidal drugs used in the treatment of equine babesiosis are limited and are either ineffective in completely eliminating the parasites and/or cause pronounced, severe, and drastic side effects (11, 21) . Considering an expanding horse industry where horses are traded worldwide, the risk of parasite transmission and spread of infection is inevitable. In Japan in particular, while equine babesiosis is nonexistent to this day, there is a growing apprehension that the situation may be reversed, given the importation of an increasing number of horses from countries where the infection is endemic. Thus, a continuous search for alternative and effective chemotherapeutic drugs is necessary.
Artesunate is a semisynthetic derivative of artemisinin, the active component of the Chinese herb Artemisia annua, and consists of the sodium succinyl salt of dihydroartemisinin (9) . Artemisinin-type compounds reduce malaria parasitemia more rapidly than any other known antimalarial drugs and are effective against multidrug-resistant malaria parasites (13, 16) . Pyrimethamine is a potent inhibitor of dihydrofolate reductase and disrupts folate metabolism (17) . Pamaquine, an 8-aminoquinoline, is effective against preerythrocytic malaria parasites (20) and theileriosis (7) . Moreover, pamaquine and primaquine, also an 8-aminoquinoline, are more effective against chloroquine-resistant strains of Plasmodium falciparum and are very likely to principally target the asexual erythrocytic or blood stages (6) . In the present study, taking into account the biological similarities and presumably close phylogenetic relationship of the intraerythrocytic Plasmodium and Babesia parasites, we evaluated the efficacy of those three compounds.
USDA strains of B. equi and B. caballi parasites were grown in equine RBC using a previously established continuous microaerophilous stationary phase culture system (1). Stock solutions of 60 mg of artesunate (Gurin No. 2 Pharmaceutical Factory, Guanaxi, China)/ml in 5% sodium bicarbonate, 2.49 mg of pyrimethamine (Sigma Chemical Co.)/ml in 2.5% dimethyl sulfoxide (WAKO Pure Chemical Industrial, Ltd., Osaka, Japan), and 200 mg/ml of pamaquine in 0.5% vegetal oil (Nihon Zenyaku Kougyou Kabusikigaisha, Fukushima, Japan) were kept at Ϫ20°C until use. The range of drug concentrations used was based on the results of preliminary assays we had earlier conducted (data not shown). The in vitro growthinhibitory assay described earlier was adopted (2, 8) . Babesia parasite cultures that had reached 3 to 5% parasitemia mixed with normal horse RBC were used in the preparation of initial cultures containing 1% parasitized RBC. To each well, 100 l of the parasite-RBC mixture was dispensed, and 1 ml of the growth medium with the appropriate concentration of the indicated drug was added. The evaluation of the growth-inhibitory effect per drug concentration per parasite species was monitored in triplicate and in three separate trials. Culture plates were kept in a humidified 5% CO 2 incubator at 37°C. Per well, 1 ml of the culture medium was replaced daily with fresh medium plus the indicated drug. Daily percent parasitemia in Giemsa-stained culture smears was calculated based on four to six microscopic fields covering approximately 1,000 cells. Following the last day of drug administration, 1 ml of drug-free medium and 70 l of normal equine RBC in fresh growth medium were added to 30 l of the previously drugtreated cultures, and parasite viability or regrowth (ϭrecrudes-cence) was checked for four days after withdraw of drugs.
B. equi and B. caballi were grown in in vitro culture from 1% parasitemia under indicated concentrations of artesunate, and the parasitemia was compared with the control. Complete growth inhibition of B. equi and B. caballi was observed at more than 0.2 and 1.0 g/ml, respectively (Fig. 1) . We also confirmed that the growth medium containing 0.2% sodium bicarbonate, which was used to dilute the artesunate, did not influence the growth of either parasite (data not shown). Values of 50% inhibitory concentration (IC 50 ) of artesunate against B. equi and B. caballi were 0.1 and 0.18 g/ml, respectively, and these values are higher than that for P. falciparum (3) . The viability tests showed that B. equi did not grow but B. caballi survived and regrew after withdrawal of the drug (Fig.   1 ). Therefore, artesunate is able to destroy B. equi but unable to destroy B. caballi.
Both parasites were grown in in vitro culture from 1% parasitemia under various concentrations of pyrimethamine. Complete growth inhibition was observed for B. equi at 12.44 g/ml ( Fig. 2A) . In contrast, the inhibition was observed for B. caballi at 1.24 g/ml and higher concentrations (Fig. 2B) . A growth medium containing 2.5% dimethyl sulfoxide did not show any inhibitory effects against either parasite (data not FIG. 1. Growth curves of B. equi (A) and B. caballi (B) in in vitro culture treated with different concentrations of artesunate and the determination of parasite viability or recrudescence after withdrawal of the drug. Cultures were initiated at 1% parasitemia, and smears were made every day. Parasitemias were determined in Giemsa-stained thin blood smears. Viability was indicated as ϩ when parasites were still grown and as Ϫ when parasites did not grow again during 4 days in the absence of drug after the growth-inhibitory assay. Each value represents the mean and standard deviation from the three blood film counts. Data are representative of three separate experiments. (A) and B. caballi (B) in in vitro culture treated with different concentrations of pyrimethamine and the determination of parasite viability or recrudescence after withdrawal of the drug. Cultures were initiated at 1% parasitemia, and smears were made every day. Parasitemias were determined in Giemsa-stained thin blood smears. Viability was indicated as ϩ when parasites were still grown and as Ϫ when parasites did not grow again during 4 days in the absence of drug after the growth-inhibitory assay. Each value represents the mean and standard deviation from the three blood film counts. Data are representative of three separate experiments. shown). B. equi, whose growth was inhibited in the presence of the drug, did not grow again after the withdrawal of the drug ( Fig. 2A) . However, a few B. caballi parasites cultured at a pyrimethamine concentration of 1.24 g/ml were still alive (Fig. 2B ). IC 50 s of pyrimethamine against B. equi and B. caballi were 3.2 and 0.8 g/ml, respectively, and these values are higher than that against B. bovis (14) and P. falciparum (IC 50 ϭ 248 ng/ml) (5). Both parasites were grown in in vitro culture from 1% parasitemia under indicated concentrations of pamaquine. As shown in Fig. 3 , complete growth inhibition of B. equi and B. caballi was observed at concentrations exceeding 0.8 and 20 g/ml, respectively (Fig. 3 ). IC 50 s of pamaquine for B. equi and B. caballi were 0.4 and 2.4 g/ml, respectively, and they are higher than that for P. falciparum (20) . A growth medium containing 0.5% vegetal oil did not show any inhibitory effect against either of the parasites (data not shown). In the viability tests, the parasites whose growth was inhibited did not grow again (Fig. 3) .
FIG. 2. Growth curves of B. equi
The mechanism of action of these compounds is not yet fully understood. Artemisinin-type compounds are found to block heme polymerization, causing a buildup of monomeric (ϭfer-rous) free heme toxic to the parasites (16) . In the present study, artesunate showed the growth-inhibitory effect on equine Babesia parasites, although Babesia parasites do not make the hemozoin pigment (10), suggesting an alternative mechanism of action including the role of reactive oxygen species. Pyrimethamine inhibited incorporation of [ 3 H]hypoxanthine by B. bovis due to the perturbation of the parasite's dihydrofolate reductase, an enzyme essential in the de novo synthesis of thymidylate (14) . Therefore, pyrimethamine may act similarly against equine Babesia parasites. Although several modes of action of 8-aminoquinolines against P. falciparum have been examined (12, 15, 20) , recent studies suggest that primaquine's effect is on receptor recycling due to interference with calmodulin function at the endosome (19) . Further studies are necessary to examine the mode of action of these agents against equine Babesia parasites.
In conclusion, we demonstrated that artesunate, pyrimethamine, and pamaquine have inhibitory effects on the in vitro growth of B. equi and of B. caballi. Pyrimethamine gave the most promise for in vivo application. Further studies will be required to examine various drug combinations and their side effects before these drugs are used on infected animals in the field.
